Cytomegaloviruses (CMVs) are members of the Betaherpesvirinae subfamily of the Herpesviridae, and their properties of latency, large DNA size, gene redundancy, and ability to be cloned as bacterial artificial chromosomes (BACs) suggest their utility as vaccine vectors. While the K181 strain of murine CMV (MCMV) is widely used to study MCMV biology, a BAC clone of this virus had not previously been produced. We report here the construction of a BAC clone of the K181 Perth strain of MCMV. The in vivo and in vitro growth characteristics of virus derived from the K181 BAC were similar to those of wild-type K181. The utility of the K181 BAC as a method for the rapid production of vaccine vectors was assessed. A vaccine strain of BAC virus, expressing the self-fertility antigen, murine zona pellucida 3, was produced rapidly using standard bacterial genetics techniques and rendered female BALB/c mice infertile with a single intraperitoneal inoculation. In addition, attenuated vaccine strains lacking the open reading frames m07 to m12 exhibited no reduction in efficacy compared to the full-length vaccine strain. In conclusion, we describe the production of a K181-based BAC virus which behaved essentially as wild-type K181 and allowed the rapid production of effective viral vaccine vectors.
The use of viruses as vectors for the delivery of heterologous antigens has been considered because the immune system has evolved a sophisticated array of mechanisms to both detect and eliminate invading viruses. A viral vector also delivers the antigen directly into host cells, which allows for high-level intracellular expression. Hence, the viral vector acts as an adjuvant and as a delivery system. An effective viral vector should present the expressed antigen as an immune target and should remain in the host long enough to stimulate an effective response. A large range of viruses have been identified as potential vaccine vectors, including poliovirus (3, 27) , vaccinia virus (40) , rabies virus (31) , adenovirus (47) , and canarypox (7, 30) . Viral vector-based vaccines that target infectious diseases (31, 47) as well as malignancies (27, 30) have been developed. The use of herpesviruses, such as herpes simplex virus, as vaccine vectors has also been explored (9, 36) . The use of cytomegalovirus (CMV) has also been explored. Murine CMV (MCMV) has been used as viral vectored immunocontraceptive (VVIC) (24) and has been used in human dendritic cells to prime naïve CD8 ϩ T cells to human immunodeficiency virus type 1 gp120 antigen (56) .
CMVs are members of the Betaherpesvirinae subfamily of the Herpesviridae and contain a large double-stranded DNA genome of approximately 230,000 bp. CMVs cause acute benign infections in immunocompetent animals that persist in a latent state for the lifetime of the host. They are found in a broad range of mammalian species but exhibit strict species specificity (51) . Their properties of latency, large DNA size, and strict species specificity make CMVs useful vaccine vectors.
Vaccine vectors are required to induce strong immune responses. CMVs induce strong and long-lived cytotoxic T-lymphocyte (CTL) responses (22) as well as long-lived antibody responses (2) . It is likely that MCMV persistence and reactivation are involved in the long-lived immune responses to MCMV. We have previously shown that these long-lived responses to MCMV are also directed to MCMV-expressed antigen. Antibody to MCMV-expressed antigen was detected as late as day 108 after a single intraperitoneal (i.p.) inoculation of virus (24) . Safety is also a requirement for a useful vaccine vector. CMVs are typically nonpathogenic in immunocompetent hosts, making them potentially safer than other vectors such as lentivirus. However, for use in humans, it may be important to produce vaccine vectors that are attenuated because of the number of immunocompromised individuals in the population. This should be technically feasible, as vaccine strains of MCMV that replicate poorly in vivo yet protect from challenge with virulent wild-type (wt) MCMV have been produced (26, 35) . All these data suggest that CMV may make a useful, safe vaccine vector that can induce long-lived humoral and cell-mediated immune responses to heterologous antigen.
A potential advantage to the use of CMVs as viral vaccine vectors is the ability of these viruses to be cloned as bacterial artificial chromosomes (BACs). This has significantly enhanced the study and genetic manipulation of CMV allowing molecular tools designed for Escherichia coli to be used on herpesviruses (reviewed in reference 55). These techniques greatly enhance the ease of mutagenesis of herpesviruses and allow for rapid insertion of candidate antigens. The cloning of a herpesvirus (MCMV) as a BAC was first described by Messerle and colleagues in 1997 (33) . BAC clones have subsequently been produced for a human CMV, as well as a guinea pig CMV and a rhesus monkey CMV (11, 15, 55) . Other herpesviruses, such as murine gammaherpesvirus 68, pseudorabies virus, Epstein-Barr virus, Kaposi's sarcoma-associated herpesvirus, herpes simplex virus type 1, equine herpesvirus type 1, and Marek's disease virus, have also been cloned as BACs (42, 55, 59) Two viral strains, Smith and K181, are widely used in the study of MCMV. However, only the Smith strain of MCMV has been cloned as a BAC (33, 54) . The K181 strain of MCMV was first described as a Smith strain variant and was isolated from the salivary glands of mice after serial passage in vivo (34) . Given the different restriction fragment length polymorphisms (RFLP) and growth kinetics reported for these strains, it is possible that K181 is a novel strain resulting from viral reactivation in a mouse inoculated with the Smith strain (19, 34) . In vivo, the K181 strain of MCMV was originally reported to replicate to higher titers in the salivary glands of infected mice and to demonstrate enhanced mortality in newborn mice (34) . In vitro, the K181 strain of MCMV was reported to cause smaller plaques than the Smith strain of MCMV and to grow to lower titers (19) . However, there have been no recent comparisons of the virulence of these two strains of MCMV, and the Smith strain of virus used in the studies of Misra and Hudson in the 1980s (19, 34) gave different RFLP patterns that those reported by Ebeling et al. in 1983 (14) and Mercer et al. in 1983 (32) . The origins of the Perth strain of K181 MCMV have been described elsewhere (8) .
We and others have used the K181 strain of MCMV extensively for studies on MCMV host-virus interactions (5, 10, 35, 45, 49, 53) . The K181 strain of MCMV has also been used in vaccination studies (35) , and we have used the K181 Perth strain of MCMV as a vaccine vector (24) . Consequently, we set out to develop a K181 BAC that would facilitate all components of our research.
We describe here the production of a K181 Perth -based BAC and its use as a vaccine vector. While MCMV BAC DNA has recently been used as a DNA vaccine for protection studies either as naked DNA (50, 52) or delivered in vivo by bacterial cells (12) , the use of a BAC-derived virus as a vaccine vector has not been reported. We wished to test the efficacy of the K181 BAC as a vaccine vector and as a means of rapid vaccine production. The antigen chosen for study was murine zona pellucida 3 (mZP3), as we have previously shown that this antigen can be successfully used for MCMV-mediated VVIC (24) . Originally, this antigen was chosen as part of an ongoing study into the potential use of a disseminating VVIC for control of free-living house mice (Mus musculus domesticus). House mice periodically erupt to plague proportions in Australia. However, mZP3 can also be seen as a model antigen, with female mouse fertility used as a readout of immunity. Finally, because persistence of CMV in immunocompromised hosts or the environment may be undesirable, we sought to determine whether attenuation of the MCMV vector would affect vaccine efficacy.
The K181 BAC-derived virus produced in these studies behaved in vitro and in vivo as wt K181 did. Additionally, a VVIC that effectively sterilized female BALB/c mice was produced. This is the first description of a K181-based BAC and its use as a VVIC. Finally, the attenuation of the vector had no effect on vaccine efficacy.
MATERIALS AND METHODS
Virus and cells. The origins of the K181 strain of MCMV have been described previously (8) . The RM427 ϩ virus (a K181-based recombinant virus containing a LacZ cassette) was kindly provided by E. Mocarski (Stanford University, Stanford, Calif.). RM427
ϩ is similar to the RM427 virus (49) with the exception that the integrity of the ssg1 gene is maintained (29) . Virus stocks were propagated in mouse embryonic fibroblasts (MEFs) as previously described (13) . Viral titers were determined in duplicate by plaque assay in MEFs (24) . The bone marrow stromal cell line M2-10B4 (25) was used for the selection of recombinant viruses using mycophenolic acid and xanthine.
Animals. Specific-pathogen-free BALB/c mice were obtained from the Animal Resource Centre (Murdoch, Perth, Western Australia, Australia) and housed under minimal disease conditions. Mouse care was based on the Australian Code of Practice and was approved by the University of Western Australia Animal Experimentation and Ethics Committee. Sentinel animals were found to be free of a suite of murine pathogens, including MCMV, after routine testing.
Isolation of viral and BAC DNA. MCMV DNA was extracted as previously described (54) . Briefly, two T80 flasks of MEFs or M2-10B4 cells were infected with virus, and when the cytopathic effect (CPE) had reached 100%, the cells were harvested by freezing and scraping. Cell debris was pelleted at 850 ϫ g for 10 min, and the supernatant was filtered through Whatman filter paper directly into centrifuge tubes. Virus was pelleted at 29,000 ϫ g for 30 min at 4°C, and the pellet was resuspended in 500 l of DNase I buffer (50 mM Tris HCl [pH 8.0], 5 mM MgCl 2 , 0.1 M sodium acetate, 100 g of bovine serum albumin per ml). Extraviral DNA was digested for 1 h in 0.2 U of DNase I (Invitrogen, Carlsbad, Calif.) at room temperature, and the reaction was stopped with 20 l of 500 mM EDTA (pH 8.0). Virus was treated with 500 l of 1% sodium dodecyl sulfate (SDS) and 40 l of proteinase K (20 mg/ml) for a minimum of 4 h at 56°C. Viral DNA was purified by phenol-chloroform extraction and precipitated in 1 volume of isopropanol. For the isolation of low-molecular-weight circular viral DNA, the method of Hirt was followed (17) . Briefly, infected cells from a 10-cm-diameter dish were resuspended in 500 l of 20 mM EDTA (pH 8.0) and then lysed with 500 l of 1.2% SDS. Protein and high-molecular-weight DNA were precipitated by the addition of 660 l of 5 M NaCl. The sample was incubated overnight at 4°C, and the proteins and high-molecular-weight DNA were removed by centrifugation at 15,000 ϫ g at 4°C for 30 min. The supernatant was removed and extracted with phenol-chloroform. DNA was precipitated with 1 volume of isopropanol, washed twice with 70% ethanol, and resuspended in 50 l of Tris-EDTA. BACs were isolated from E. coli by the alkaline lysis method (44) for screening and with the Nucleobond plasmid kit (Clontech, Palo Alto, Calif.) for purified DNA used in RFLP analysis and transfections.
Plasmids. Plasmids pAJR02 and pAJR10 were produced using DNA from RM427 ϩ virus. For construction of the recombination plasmid pAJR02, two PCR fragments were cloned into the plasmid pK18 (39) . All sequence information and coordinates in this study were taken from the published Smith strain sequence (41) (accession number U68299). PCR primers were designed to amplify the right homology arm with EcoRI restriction enzyme (RE) sites on both primers. The RE sites are shown underlined (forward primer, 5Ј-GCA GAA TTC TCG ACC GCT TCA AAT GAT TGG GTT CG-3Ј; reverse primer, 5Ј-CGC GAA TTC CTT CGA GTT TAG ACA GCC GGT CAG TTG-3Ј). The region amplified spanned open reading frames (ORFs) m12 to m14 (nucleotides [nt] 12488 to 13576), and this region was cloned into pK18 to produce the plasmid pG4R. PCR primers were designed to amplify the left homology arm with a NotI site on the forward primer and an AvrII site on the reverse primer (forward primer, 5Ј-TCT GCG GCC GCT TGG AGC GAT ACG TTG ACA ATG-3Ј; reverse primer, 5Ј-CCC CCT AGG GTA CGC GAG CCA TAC GCA GAA CAC CA-3Ј). The PCR product containing the region from ORFs m06 to m07 (nt 5308 to 6522) was directionally cloned into pG4R to produce pG4RL. Finally, the recombination plasmid pAJR02 was produced by cloning the PacI fragment of pHA2 (1) A repair plasmid, pAJR10, was constructed to replace the deleted region, nt 6522 to 12488, after insertion of the BAC cassette into the K181 virus. A new polylinker was inserted into pUC19 to create pAJR03. The polylinker was inserted into HindIII and EcoRI sites of pUC19 with destruction of these sites after ligation. The polylinker provided sites for BglII, DraI, PmeI, MluI, EagI, NotI, PacI, NcoI, DraI, PmeI, and BglII (5Ј-AAT TGA GAT CTG TTT AAA CAC GCG TCC GCG GCC GCT TAA TTA AGG GCC ATG GTT TAA ACA GAT CT-3Ј and 5Ј-AGC TAG ATC TGT TTA AAC CAT GGC CCT TAA TTA AGC GGC CGC GGA CGC GTG TTT AAA CAG ATC TC-3Ј). The left homology arm for homologous recombination was provided by a BspHI and NotI double digest fragment of pHA2 containing the chloramphenicol resistance gene and the gpt gene which was cloned into the NotI and NcoI sites of pAJR03 to produce pAJR04. An additional polylinker (containing a SnaBI site and a MfeI site; 5Ј-CGC GCA ATT GGC CCC TAC GTA CCC GC-3Ј and 5Ј-GGC CGC GGG TAC GTA GGG GCC AAT TG-3Ј) was cloned into the NotI and MluI sites of pAJR04 to produce pAJR04pl. To clone the MCMV component of the shuttle vector pAJR10, a 13-kb BglII fragment of the RM427 ϩ virus was cloned into pUC19 to produce pAJR07. Plasmid pAJR08 was produced by subcloning a 8.6-kb fragment bound by the EagI site found at nt 6273 and the EcoRI site at nt 14964 of MCMV in pAJR07 into the NotI/MfeI site of PAJR04pl. Finally, the entire construct was removed from pAJR08 by BglII digestion and subcloned into the BamHI site of the shuttle vector pST76K-SR (18) to produce the repair vector pAJR10.
The vaccine strains of BAC-derived virus were produced by insertion of a mZP3 cDNA clone into the nonessential (10) immediate-early 2 (ie2) gene of MCMV as previously described (24) . The pCMH492 plasmid containing the mZP3 cDNA under the control of the HCMV ie1 gene promoter and a simian virus 40 (SV40)-derived transcription termination signal inserted within the HindIII L fragment of MCMV strain K181 was produced as follows. A 1,302-bp BamHI/EcoRI DNA fragment of plasmid pZP3 (20) containing the entire mZP3 cDNA coding region (GenBank accession number M20026) was inserted into the expression vector pCMH411 (GenBank accession number AY122058) to produce pCMH412. Next, a 1,844-bp NotI DNA fragment of pCMH412 containing the mZP3 cDNA under the control of the HCMV ie1 gene promoter and the SV40-derived transcription termination signal was cloned into plasmid pH3LN to produce pCMH478. Plasmid pH3LN was derived from pK181-H3L (24) . Plasmid pH3LN contains the entire HindIII L fragment (32) of K181 inserted into plasmid pUC9 with the 79-bp HpaI fragment replaced by a NotI linker. Finally, pCMH492 was produced by inserting a 8,934-bp HindIII DNA fragment of pCMH478 into the BamHI site of the plasmid pST76K-SR using HindIII (HindIII linker, 5Ј-AGC TTC TGG CGG TCG GGC-3Ј; universal linker, 5Ј-ACC GCC AGA-3Ј) and BamHI (BamHI linker, 5Ј-ATC TCG GCG GTG CCC G-3Ј; universal linker, 5Ј-ACC GCC AGA-3Ј) end-joining linkers.
Generation of recombinant viruses in tissue culture. Cultures of MEFs that were 90% confluent were infected with K181 virus at a multiplicity of infection (MOI) of 3 and incubated for 2 h at 37°C in 5% CO 2 . Cells were harvested by trypsinization, washed, and resuspended in 400 l of Optimem (GIBCO-BRL, Gaithersburg, Md.). For homologous recombination, 30 g of the pAJR02 plasmid was digested with MluI and electroporated into infected MEFs. Cells were replated in a 6-cm-diameter plate with Dulbecco modified Eagle medium plus 10% fetal bovine serum and 24 h later were washed and given fresh medium. Cells were monitored daily for the development of plaques. Once the CPE reached 100%, the supernatant from infected cells was applied to the bone marrow stromal cell line M2-10B4. Selection for gpt gene expression was performed in 100 M mycophenolic acid and 25 M xanthine. M2-10B4 cells were more resistant to mycophenolic acid and xanthine than MEFs and thus more suitable for the selection procedure. Circular DNA was extracted from cells once 100% of the cells showing CPE were visibly expressing the EGFP gene. Extracted DNA was used to transform E. coli DH10B cells by electroporation, and the bacterial colonies resistant to chloramphenicol were selected. BAC clones were identified by RFLP analysis. One full-length clone, designated pARK14, was selected for repair of the deleted ORFs m07 to m12. BAC mutagenesis and virus rescue. All mutagenesis was performed by a two-step allele replacement method by homologous recombination in E. coli strain DH10B as previously described (54) . The pAJR10 plasmid was used for repair of the BAC, pARK14, to produce the full-length K181 BAC pARK25. Insertion of the mZP3 antigen into the K181 BAC HindIII L fragment was accomplished with the pCMH492 plasmid by two-step allele replacement.
Infectious virus was rescued from BAC DNA after transfection in MEFs by the calcium phosphate precipitation method (44) . Recovered virus was monitored by fluorescence microscopy for loss of GFP expression (and hence BAC excision).
Loss of expression was noted in the first passage. Virus from rescued BAC DNA was passaged five or six times for the production of stocks. Viruses are indicated by the "v" prefix. Thus, when the pARK25 BAC is rescued as a virus, it is designated vARK25. In all immunization experiments, tissue culture virus (TCV) was used, because the attenuation of recombinant MCMV with mZP3 DNA inserted (rMCMV-mZP3) precludes the production of salivary gland virus (SGV) stocks.
Southern blot analysis. Viral DNA was subjected to RFLP analysis and Southern blotting according to standard methods (44) . Probes were a 249-bp PCR amplicon from the pAJR02 plasmid containing the repeat region of pARK25 (forward primer, 5Ј-TCC GCA TCC CCG CGG ACG GTA AAG-3Ј; reverse primer, 5Ј-ACG TAC GCG AGC CAT ACG CAG AA-3Ј) or a 641-bp mZP3 PCR amplicon from the previously described (24) mZP3-containing virus, recombinant virus K181-ZP3 (forward primer, 5Ј-ACC CTC GCC CTG TGA GTG GCC-3Ј; reverse primer, 5Ј-AAT TAC TAC AGT TGC CAT GGC-3Ј). Probes were gel purified and digoxigenin labeled according to the manufacturer's instruction (DIG DNA labeling and detection kit; Roche, Indianapolis, Ind.).
Pathogenesis studies. Viruses were derived from the appropriate BACs and used to infect female BALB/c mice (6 to 8 weeks of age). In all experiments, i.p. inoculations of 2 ϫ 10 4 PFU of TCV or 1 ϫ 10 4 PFU of SGV were used. All in vivo experiments were performed twice. Mice were sacrificed at 3, 5, 7, 10 and 18 days postinfection (n ϭ 4 or 5 depending on the experiment). Serum was collected for the determination of immunoglobulin G1 (IgG1) and IgG2a antibodies to mZP3. The liver, lung, spleen, and salivary glands were removed and frozen (Ϫ80°C) for titration of infectious virus by plaque assay (24) . Ovaries were collected and immediately fixed in Bouin's fixative, sectioned, and stained in hematoxylin. Sera from infected mice were tested by enzyme-linked immunosorbent assay (ELISA) for the presence of IgG1 and IgG2a antibodies to mZP3. For statistical analysis, all organ viral titer results were tested for normality, and the means were compared by a two-tailed t test.
ELISA. Antibody levels were measured by adding sera from infected mice to ELISA plates coated with mZP3 antigen, prepared as previously described (24), with stepwise additions of biotinylated rat anti-mouse IgG1 or IgG2a (Southern Biotech Association, Inc., Birmingham, Ala.), streptavidin alkaline phosphatase (Amersham Biosciences, Piscataway, N.J.), and p-nitrophenyl phosphate (Sigma, St. Louis, Mo.). Since MCMV induces a polyclonal B-cell response (21, 38) , the highest anti-mZP3 antibody level in mice infected with wt K181 virus was chosen as the cutoff for assessing specific anti-mZP3 antibody responses in mice infected with rMCMV-mZP3.
Immunocontraception. Female BALB/c mice were injected i.p. with 2 ϫ 10 4 PFU of TCV diluted in buffered saline with the osmolality of mouse serum using vARK25, vARK14, vARK25-mZP3, or vARK14-mZP3. Mice were allowed to mate immediately after infection. The mice were put into groups of three females per male and monitored for litters for 110 days. Cages containing unproductive females were either given new males, or the males were rotated between identical treatment groups to ensure the fertility of the male mice.
RESULTS
Strategy for cloning and mutagenesis of the MCMV genome. The strategy for the production of an MCMV BAC from K181 is shown in Fig. 1 . The recombination vector pAJR02 contains homologous regions spanning nt 5308 to 6522 and nt 12488 to 13576 of the K181 genome. Homologous recombination resulted in the deletion of most of ORF m07 up to and including most of ORF m12 with the concomitant insertion of the BAC cassette. One clone, pARK14, was selected for further study. pARK14 BAC DNA was used to transfect MEFs, which resulted in the production of infectious viral progeny vARK14.
pARK14 BAC DNA and vARK14 viral DNA were purified and compared to parental K181 DNA by RFLP analysis (Fig.  2a) . The resultant banding pattern was consistent with incorporation of the BAC cassette and retention of the K181 genome with the exception of the deleted regions between m07 to m12. In both pARK14 and vARK14, new EcoRI bands can be seen; these bands correspond to the expected fragments of 7,481 (fragment b) and 2,474 bp (fragment g). These fragments and an additional 1,367-bp fragment (h) were derived from the inserted BAC cassette. Likewise, there was loss of EcoRI U fragment of 4,487 bp (14) as a result of the insertion of BAC cassette, normally seen as a doublet in the K181 lane (fragment d). In comparison to the MCMV strain Smith, K181 has an additional EcoRI site approximately 3.5 kb from the left terminus of the virus that resulted in the substitution of the 10.5-kb EcoRI G fragment (14) with two fragments of 3.5 and 7 kb. Insertion of the BAC cassette disrupted the 7-kb fragment (c) and created a 3-kb fragment (f). Finally, circularization of the plasmid pARK14 causes fusion of the 3.5-kb (left arm) and 12.3-kb (right arm) terminal fragments of the virus to produce a 16-kb fragment with EcoRI digestion (fragment a). The left arm ϳ3.5-kb fragment (e) reappears on linearization of pARK14 to vARK14. The 12.3-kb right terminal fragment was not discernible in Fig. 2a .
Truncated pARK14 BAC was restored to full length by reinserting ORFs m07 to m12 by two-step allele replacement as outlined in Fig. 1 . Successful repair was monitored by RFLP analysis. The EcoRI sites of the wt virus and the K181 BAC are shown in Fig. 1. Figure 2b demonstrates the RFLP pattern obtained with one repaired clone, pARK25, compared to pARK14 and K181 DNA. The BAC pARK25 RFLP was as expected. The BAC pARK25 resembles pARK14 with the exception that both the 2.5-kb band (fragment c) and the 1.4-kb band (fragment d) were lost, with a gain of a 5.6-kb band, seen as a doublet (fragment a) and restoration of the 4.5-kb U band (fragment b), also seen as a doublet in the pARK25 lane. The BAC pARK25 resembles K181 viral DNA with the exception that the BAC cassette bands are present and the circularization band as detailed in Fig. 2a are present.
Construction of the pARK25 BAC utilizes a previously published method for restoring the BAC to wt virus by excising the bacterial sequences (54) . In this instance, the repair of pARK14 to produce pARK25 resulted in a 249-bp MCMV sequence repeat, flanking the BAC cassette (solid black box in Fig. 1 ). Once transfected into eukaryotic cells, viral packaging restrictions preferentially lead to homologous recombination between the repeat sequences and exclusion of the BAC sequence. Restoration of the virus to wt genotype was monitored by the loss of GFP expression and was confirmed by RFLP analysis (Fig. 3a) . Loss of GFP expression was rapid, beginning in the first passage. By passage 2, GFP expression in cells demonstrating CPE was less than 1% (data not shown). Once linear, DNA from vARK25-infected cells was indistinguishable from K181 DNA. RFLP analysis was performed with EcoRI ( Fig. 3a) . Southern blot analysis (Fig. 3b) shows the expected band size of 7.1 kb when the 249-bp repeat region was used as a probe. Other enzymes tested include BamHI, XbaI, HpaI, and PstI (data not shown). In some instances, homologous recombination occurred between the SV40-derived transcription termination signal that was present twice in the BAC cassette. In these instances, the gpt gene remained in the viral genome. An additional BAC not reported in this study has been produced; in this BAC, the gpt gene and its SV40-derived transcription termination signal were removed to prevent this from occurring.
FIG. 1. Cloning strategy for the production of the K181
Perth -based BAC, pARK25. The BAC cassette contained within the pAJR02 plasmid was inserted into the K181 strain of MCMV in tissue culture by homologous recombination to produce the BAC pARK14 with a deletion in the genes m07 to m12 (nt 6522 to 12488). Repair of pARK14 was achieved by two-step allele replacement using the pAJR10 plasmid to produce the full-length BAC, pARK25. The EcoRI (E) and HindIII (H) RE sites, as well as the gpt and EGFP genes of the BAC cassette, are shown. Repair of pARK14 to pARK25 produces a 249-bp repeat region (black boxes) flanking the BAC cassette that allows for homologous recombination and reconstitution of wt genotype (vARK25) (Fig. 4a) . These data indicate that the ORFs m07 to m12, deleted in vARK14, are not essential for the replication of K181 in vitro.
The replication kinetics of salivary gland-derived vARK25 in adult BALB/c mice were similar to those of parental K181 SGV (Fig. 4b to e) . Stocks of vARK25 SGV were produced to assess the pathogenicity of vARK25 SGV compared to K181 SGV. After six passages in tissue culture, vARK25 was passaged two more times in weanling BALB/c female mice. Passage 2 SGV stocks were made and compared to passage 2 K181 SGV. BALB/c female mice were inoculated i.p. with 10 4 PFU of SGV in two independent experiments (four and five mice per group, respectively). There were minor experimental variations between the means of each group in respective experiments (Fig. 4b to e) . However, there was no consistent statistically significant difference between the organ viral titers of vARK25-and K181-infected mice. Titers of vARK25 were similar to parental K181 virus in the salivary glands with both reaching viral titers of more than 10 5 PFU/100 mg of tissue by day 18 (Fig. 4b) . Additionally, the kinetics of salivary gland infection were similar for both vARK25 and K181 SGV (Fig.  4b) . In addition, no differences in the replication of vARK25 compared to K181 in the spleen, lungs, and livers of infected mice were detected (Fig. 4c to e) . (28) or in vivo growth (10) . Consequently, we chose this site for the insertion of mZP3 into the pARK25 and pARK14 BACs. Two-step allele replacement was performed as described for the repair of pARK14. Figure 5a outlines the cloning strategy employed. Correct insertion was confirmed by RFLP and Southern blot analyses ( Fig. 5b and c) . Note the change in the size of the HindIII L fragment from 7.1 to 8.9 kb in vaccine strains of virus. Western blotting confirmed the expression of mZP3 protein in both vARK14-mZP3-and vARK25-mZP3-infected MEFs (data not shown).
Production of vaccine strains of MCMV BACs. Disruption of the ie2 gene does not inhibit in vitro growth
Growth characteristics of vaccine strains in vitro and in vivo. The insertion of mZP3 cDNA had no effect on the in vitro growth characteristics of either vARK14-mZP3 or vARK25-mZP3 compared to the LacZ-expressing virus RM427 ϩ or to parental vARK25 by multistep growth curves (Fig. 6a) .
Previous experience has shown that SGV stocks cannot normally be produced from vaccine viruses expressing fertility antigen (24; unpublished observations). For this reason, in vivo growth characteristics of mZP3-expressing vaccine strains were compared to those of parental viruses using TCV stocks. TCV stocks were injected i.p. at a dose of 2 ϫ 10 4 PFU in adult female BALB/c mice, and the viral titers were assessed in the spleen, liver, lungs, and salivary gland of infected mice over an 18-day period. Vaccine strains of virus and vARK14 were severely attenuated in vivo compared to vARK25 (Fig.  6b) . Only vARK25 could be detected in the salivary glands at day 10, and the vARK25 titer was significantly higher than the vARK14 titer at day 18 (P ϭ 0.0052). All viruses were detected in the spleen on day 3 but were rapidly cleared by day 5 (data not shown). Parental and mZP3-expressing recombinant virus titers were below the level of detection in Perth strain of MCMV was achieved by homologous recombination. The EcoRI restriction digest patterns of the pARK14 BAC, rescued virus vARK14, and parental virus K181 are shown. The 16-kb band caused by fusion of the EcoRI terminal fragments in the pARK14 plasmid (fragment a) was lost in vARK14 and replaced by the left terminal fragment at ϳ3.5 kb (fragment e) and a 12.3-kb right terminal fragment (not discernible in this figure) . In both pARK14 and vARK14, new EcoRI fragments of 7.5 kb (fragment b), 2.5 kb (fragment g), and 1.4 kb (fragment h) are a result of the inserted BAC cassette (Fig. 1) . Likewise, the EcoRI U fragment at 4.5 kb was lost as a result of the insertion of BAC cassette; it is normally seen as a doublet in the K181 lane (fragment d). The 4.5-kb EcoRI U band was replaced by a truncated 2.5-kb band (fragment g). K181 has an additional EcoRI site (compared to the Smith strain of MCMV) located approximately 3.5 kb from the left terminus of the virus that resulted in the substitution of the 10.5-kb EcoRI G fragment with two fragments of 3.5 and 7 kb. Insertion of the BAC cassette resulted in the loss of the 7-kb fragment (fragment c) and created a 3.1-kb fragment (fragment f). (b) Production of the fulllength K181
Perth BAC pARK25. Two-step allele replacement was used to restore the m07 to m12 genes in pARK14. The EcoRI restriction digest patterns of the BAC pARK14, the repaired BAC pARK25, and the parental virus K181 are shown. Repair of pARK14 to pARK25 results in the insertion of a 5. the liver and lungs of infected mice (data not shown). Similar results were observed in a repeat experiment with the exception that vARK25 could be detected at low titers in the lungs of infected mice.
A surprising finding was that the degree of attenuation induced by insertion of the mZP3 cDNA into the ie2 gene of MCMV was similar to the degree induced by the deletion of ORFs m07 to m12 and the retention of the large BAC cassette. This was most evident in the salivary glands where the titers of vARK14 were similar to those of vARK25-mZP3 (Fig.  6b) . In a repeat experiment, attenuation of vARK25-mZP3 in the salivary gland was more pronounced (data not shown). Hence, the effect of losing six ORFs and retaining a large 8.8-kb fragment of bacterial DNA on salivary gland replication was similar to the effect of expressing a single mammalian cDNA.
BAC-derived virus expressing mZP3 induces sterility in female mice. Tissue culture-derived virus stocks of vARK14-mZP3 and vARK25-mZP3 were tested for their ability to induce an immunocontraceptive response in female BALB/c mice. Mice (six mice per group) were inoculated i.p. with 2 ϫ 10 4 TCV and were immediately allowed to mate with male BALB/c mice. Control mice received parental vARK14 or vARK25 virus lacking the mZP3 cDNA. vARK25-mZP3 produced a powerful immunocontraceptive response in female BALB/c mice, and no litters were produced for the 110 days of the experiment (Fig. 7) . Similarly, only one of six mice infected with vARK14-mZP3 had pups after infection and then only in the first round of breeding. These results were seen despite the fact that viral titers of mZP3-expressing recombinant viruses were low in infected animals. Similar data were seen in a repeat experiment with time points taken at 30, 50, and 70 days (data not shown). Histological examination of the ovaries from mice infected with mZP3-expressing viruses revealed almost complete follicle depletion with no overt inflammatory cell infiltrate (data not shown).
The production of serum antibody to mZP3 was assessed by ELISAs. Only mice inoculated with recombinant MCMVs expressing mZP3 produced detectable levels of anti-mZP3 antibody. Considerably more anti-mZP3 antibody was detected in the mice treated with vARK25-mZP3 virus than in the mice infected with vARK14-mZP3 virus. This was reflected in the percentage of animals that were seropositive as well as in the earlier kinetics of antibody production. In vARK25-mZP3 virus-infected mice, IgG1 antibody to mZP3 was detected as early as day 7 with 25% of mice seropositive and with 100% of mice seropositive by day 18. Similar data were seen with IgG2a antibody (50% positive at day 7 and 100% positive at day 18). In contrast, seroconversion occurred later in vARK14-mZP3-infected mice, and only 50% of mice had IgG1 and IgG2a antibody by day 18. By day 30, all mice infected with mZP3-expressing recombinant viruses were seropositive for antimZP3 antibodies (data not shown).
DISCUSSION
We report here the construction of a new MCMV BAC based on the K181 Perth strain of the virus. This BAC, with a self-excisable BAC cassette, was indistinguishable from the parental K181 virus when examined by RFLP analysis and multistep growth curves and retained similar pathogenicity in vivo. From the full-length (wt) BAC, pARK25, we have created a recombinant MCMV encoding the self-fertility antigen mZP3 that was capable of breaking self-tolerance and inducing an immunocontraceptive response. In addition, an attenuated vaccine strain of recombinant virus expressing mZP3 and lacking ORFs m07 to m12 was produced and was as effective at inducing immunocontraception as the full-length virus expressing mZP3. Hence, attenuation of MCMV by deletion of viral genes can be used to produce a vaccine strain of virus without necessarily affecting the efficacy of the vaccine.
The previously described MCMV BAC was based on the Smith strain of MCMV (33, 54) . However, the K181 strain of MCMV is used by a number of investigators worldwide and is
FIG. 3. Rescue of wild-type K181
Perth genotype from pARK25 BAC in tissue culture. (a) The full-length BAC pARK25 was transfected into MEFs to produce the virus stock vARK25. Repeated passage of vARK25 (n ϭ 5) resulted in the production of viral DNA indistinguishable from parental K181 MCMV viral DNA when digested with EcoRI. The 16-kb band caused by fusion of the EcoRI terminal fragments in the pARK25 plasmid (fragment a) was lost in vARK25 and replaced by the left terminal fragment at ϳ3.5 kb (fragment e) and a 12.3-kb fragment that is not discernible in this figure. Homologous recombination between the MCMV repeat sequences (black boxes in Fig. 1 ) resulted in the loss of the BAC cassette fragments at 7.5 kb (fragment b) and the 5. http://jvi.asm.org/ more virulent than the Smith strain of MCMV (34) . The K181 strain has been widely used to study innate immunity to MCMV, especially interactions with NK cells (5, 53) and was the strain of MCMV used to describe the Cmv1 r locus that defines NK cell-mediated resistance to MCMV in C57BL/6 mice (45, 46) . The K181 strain has also been used extensively in studies of dendritic cell interactions (4, 6) and host-mediated inflammatory and immunopathological responses (23) . However, in the past, changes to the K181 genome had to be made using the older and more time-consuming methods of homologous recombination in tissue culture. The K181 BAC described here should allow the rapid progress made in the study of the Smith strain of MCMV to be applied to the K181 strain of MCMV.
The original method of BAC cassette excision relied on homologous recombination between MCMV sequences flanking the BAC cassette, with rescue of wt virus after serial passage in tissue culture (54) . Since then, Smith and Enquist have described the production of a self-excisable BAC cassette system that relied on Cre recombinase-mediated excision of the BAC cassette via flanking LoxP sites (48) . This technique has subsequently been applied to the construction of a human CMV BAC (57) and a rhesus monkey CMV BAC (11) . In these studies, the insertion site of the BAC cassette was chosen so that the remnant LoxP sequence did not affect viral function. However, because it is possible that the remnant LoxP site could affect a gene or splice variant not known at this time, we chose to use the originally described method of BAC cassette excision (54) , in which no extraneous sequences remain in the viral genome. In 1999, Wagner and colleagues (54) used a repeat region of 529 bp, while we used a shorter repeat region of 249 bp which still allowed for rapid recovery of a wt K181 DNA genotype. In our hands, loss of the BAC cassette from the K181 BAC was rapid and was detected within the first passage. While this method relies on repeated rounds of passage to recover wt DNA, our experience was that less than 1% of infected cells were GFP positive (and thus contained the BAC cassette) by passage two. In addition, serial passage was required in any case to amplify sufficient virus to make stocks for subsequent experiments. However, as a cautionary note, we did find that the repeat SV40-derived transcription termination signal (125 bp) within the BAC cassette was also a site for homologous recombination which left the gpt gene within the viral genome. Once recombination occurred via the SV40 repeats, this genotype was fixed, even in vivo. It is likely that most virus preparations of vARK25 had some level of chimerism. However, this chimerism appeared to have no effect on in vitro or in vivo growth of vARK25. This problem was circumvented in a subsequent version of pARK25 that had the gpt gene and its SV40 sequences removed (not detailed in this study).
In recent studies, we have tested more than 10 candidate fertility antigens for use in VVIC, most of which were ineffective (16; unpublished data). Consequently, there was a need for a rapid construction method for testing future antigens. Prior VVICs were constructed by standard homologous recombination in mammalian cells. This method has the disadvantages of being laborious, error prone, and time-consuming. Therefore, we sought to test the efficacy of the K181 BAC as a rapid method for the production of viral vaccine vectors. We chose to use the previously successful self-antigen, mZP3, as a test antigen (24) . The K181 BAC described in this study was used to successfully, and rapidly, construct two effective VVICs. More rapid methods of gene insertion have since been developed (reviewed in reference 55) and should allow faster vaccine construction in the future.
Successful immunocontraception with the full-length K181-based BAC expressing the mZP3 cDNA in female mice was anticipated (24) . However, it was important to show that the BAC-derived VVIC described in this report was as effective as the previously described VVIC and that the K181 virus had not undergone any adventitious mutations during construction that precluded its use as a vaccine.
In this study, the effect of attenuation of the virus on vaccine efficacy was assessed. Although others have demonstrated that attenuated vaccine strains of MCMV can be used to afford protection from wt MCMV (26, 35), we did not know whether a single inoculation of an attenuated MCMV vaccine vector would be sufficient to break tolerance to a self-antigen. Immunization with the VVIC vARK14-mZP3 was no less effective at inducing sterility in female mice as the full-length VVIC vARK25-mZP3. This was despite the finding that removal of these ORFs (and retention of the BAC cassette) attenuated the in vivo growth of deletion mutant virus vARK14. The m07 to m12 ORFs form part of the m02 gene family, which contains the known immune evasion genes, m04 and m06, and other genes that have been linked to resistance to natural killer cell control (37) . However, the exact functions of the ORFs m07, m08, m09, m10, m11, and m12 are not known, although it is known that the m09 ORF can be removed without affecting MCMV growth in BALB/c mice (58) . These studies show that putative immune evasion genes can be removed from viral vaccine vectors without necessarily affecting immunogenicity of the expressed antigen.
A surprising finding in these studies was that the expression of a single fertility antigen, mZP3 (vARK25-mZP3) led to a level of in vivo attenuation similar to the level seen with the deletion of ORFs m07 to m12 and the retention of the BAC cassette (vARK14). This effect was most pronounced in the http://jvi.asm.org/ salivary gland. Two possible reasons for this attenuation can be suggested. Disruption of the ie2 gene by the insertion of the mZP3 cDNA causes attenuation of the virus. Alternatively, attenuation could be immunological in nature, i.e., the strong immune response to the inserted antigen, mZP3, could allow for better immune control of the virus. Others have reported that insertional inactivation of the ie2 gene does not affect in vivo replication of the K181 strain of MCMV and allows dissemination to the salivary gland (10, 43) . The reason for this attenuation therefore remains unclear; however, the development of a K181 BAC should facilitate the study of this attenuation in the future.
In conclusion, we have produced a fully functional BAC of the K181
Perth strain of MCMV. The efficacy of the BAC-derived virus was tested as a vaccine. BAC-derived K181 virus expressing a self-fertility antigen was capable of inducing infertility in female mice. An attenuated vaccine virus missing ORFs m07 to m12 also functioned as a vaccine vector with an efficacy equal to that of the full-length virus. These studies demonstrate the utility of the MCMV BAC system for developing viral vectored vaccines and may allow for a targeted appraisal of the roles of various viral genes, such as immune evasion genes, in the immune response to a heterologously expressed antigen. Only vARK25 virus was detected in the salivary glands of infected mice on day 10, and the viral titers of vARK25 virus were significantly higher than viral titers in vARK14-infected mice on day 18 (P ϭ 0.0052). Titers of vaccine strains of virus were similar to or lower than that of vARK14 in the salivary gland at all time points. Similar data were obtained in a repeat experiment. Significant differences (two-tailed t test) between vARK25 and vARK14 are indicated by an asterisk. 4 PFU of TCV and paired with fertile male mice on the same day. Fertility was monitored over a 110-day period. Mice infected with the vaccine strain of virus either had no litters or had an initial litter and remained infertile for the duration of the experiment. The full-length vaccine strain of virus vARK25-mZP3 was no more effective than vARK14-mZP3. Similar data were seen in a repeat experiment (data not shown).
